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The infrared spectra of the quasi-two-dimensional organic conductors α-(BEDT-TTF)2-
MHg(SCN)4 (M = NH4, Rb, Tl) were measured in the range from 50 to 7000 cm
−1 down to
low temperatures in order to explore the influence of electronic correlations in quarter-filled met-
als. The interpretation of electronic spectra was confirmed by measurements of pressure dependent
reflectance of α-(BEDT-TTF)2KHg(SCN)4 at T=300 K. The signatures of charge order fluctua-
tions become more pronounced when going from the NH4 salt to Rb and further to Tl compounds.
On reducing the temperature, the metallic character of the optical response in the NH4 and Rb
salts increases, and the effective mass diminishes. For the Tl compound, clear signatures of charge
order are found albeit the metallic properties still dominate. From the temperature dependence
of the electronic scattering rate the crossover temperature is estimated below which the coherent
charge-carriers response sets in. The observations are in excellent agreement with recent theoretical
predictions for a quarter-filled metallic system close to charge order.
PACS numbers: 71.10.Hf, 71.30.+h, 74.25.Gz, 74.70.Kn
I. INTRODUCTION
Electron-electron interactions are well recognized to
be decisive for the ground states observed in low-
dimensional electronic systems, for instance Mott insu-
lator, charge-ordered state, superconductivity, ferro- and
antiferromagnetic order. The generic phase diagram of
correlated materials shows a number of important fea-
tures: the variation of crucial (order) parameters like
the electron doping or the effective electronic interactions
drives the system from a metal to an ordered state, with
superconductivity found around some critical point.1,2
While in the high-temperature superconductors the con-
trol parameter typically is the hole doping, the quasi-
two dimensional-organic conductors give a possibility to
nicely tune the effective electronic interactions.3 The
well-developed phase diagram of half-filled BEDT-TTF-
based organic conductors demonstrates this approach:
the ground state of systems changes from a metal (Fermi
liquid) to a Mott insulator on the increase of electronic
correlations, with superconductivity found in between.4,5
Besides the on-site Coulomb interaction U , for the
quarter-filled systems the nearest-neighbor electronic re-
pulsion V is the second important parameter. In the case
of large values of U , a change of the ground state from
metallic to a charge-ordered on the increase of V was
proposed for the quarter-filled layered molecular conduc-
tors; around the quantum critical point superconductiv-
ity mediated by charge fluctuations was suggested.6 The
family of quarter-filled organic conductors α-(BEDT-
TTF)2MHg(SCN)4 (M=NH4, Rb, Tl, K) is a prime can-
didate to experimentally study the vicinity of a phase
border between metallic and charge ordered states in
the phase diagram calculated in Ref. 6 and schemati-
cally shown in Fig. 8 of this work: the NH4 compound
exhibits superconductivity at Tc ≈ 1 K, while the oth-
ers are metallic with a density-wave state observed below
10 K, which is still subject to discussion.7,8 In the present
investigation we are interested in the temperature region
above the density wave state where the band structure
and Fermi surface of these isostructural compound are
basically identical.
These crystals are composed by alternating layers of
two types: conductivity occurs in layers of BEDT-TTF
[bis-(ethylenedithio)tetrathiafulvalene] molecules, while
the layers of the polymeric anions [MHg(SCN)4]
− serve
as a ‘charge reservoir’; in the following we refer to the var-
ious salts by their metal ionsM=NH4, Rb, Tl, or K in the
anion layer. They have the same valence but different vol-
ume, which effects the size of the unit cell and hence the
transfer integrals t between the BEDT-TTF molecules in
the conducting layer in some non-trivial way,9 leading to
a different V/t parameter between the compounds.
A change of the control parameter V/t by chemical
modifications in the anionic layer was extensively utilized
by H. Mori et al.10 when synthesizing the quarter-filled
family θ-(BEDT-TTF)2MM
′(SCN)4. These quarter-
filled compounds are closer to an insulating charge or-
der state, and the transition temperature between the
metallic and insulating phase decreases as the ratio V/t
shrinks. A phase diagram was proposed based on re-
sistivity studies which exhibits the general features as
mentioned above.1,6 A number of experiments prove that
the charge disproportionation already develops in the
metallic phase at temperatures well above the phase
transition.11,12 In θ-(BEDT-TTF)2RbZn(SCN)4, for ex-
2ample, the width of the lines observed in NMR experi-
ments suggests a slowly fluctuating charge order.11 On
the other hand, the only charge-order insulator of the α-
phase family, α-(BEDT-TTF)2I3,
13,14 exhibits a timely
stable charge disproportionation15 already at tempera-
tures above the insulating state.
While those investigations lowered the temperature in
order to move towards the metal-insulator transition, a
particulary interesting possibility would be to tune the
V/t ratio to approach the phase transition to the insu-
lating state from the metallic side. Do charge-order fluc-
tuations develop? Or do stable regions form which are
partly charge ordered? Is this a first order or a second
order phase transition? Will charge-order fluctuations be
enhanced although the system remains metallic? The α-
(BEDT-TTF)2MHg(SCN)4 family is the proper system
to address these questions.
Optical investigations in a wide frequency range are
most suitable to characterize the charge dynamics and to
identify deviation from a simple metallic behavior.16,17,18
For quarter-filled systems close to charge order, the
frequency-dependent conductivity was calculated by ex-
act diagonalization for large U and different V/t ratios.19
The spectral weight is expected to shift from the Drude
peak to higher frequencies as correlations intensify. It
is further proposed that the effective mass of the charge
carriers and their scattering rate depends on correlations
and temperature19. In previous optical studies clear sig-
natures of charge-order fluctuations have been observed
in α-(BEDT-TTF)2KHg(SCN)4 in contrast to the super-
conducting analog α-(BEDT-TTF)2NH4KHg(SCN)4.
20
It is now of great interest to extend our investigations to
the whole family of α-(BEDT-TTF)2MHg(SCN)4 ma-
terials and to compare the experimental findings with
the theory. This gives us insight on how quarter-
filled two-dimensional metallic system behave close to a
correlation-driven charge-order transition.
The paper is structured in the following way, in Sec-
tion II we present the experimental techniques, in Sec-
tion III we present the results, a primary analysis of the
observed spectra (B) and its interpretation (C), and in
(D) we show that pressure-dependent measurements con-
firm our interpretation, in E and F we discuss the nature
of the major anisotropy and temperature-dependent ef-
fects. In Section IV we further interpret our results in
terms of metallic quarter-filled system close to charge or-
der and an ordered system. Our findings are summarized
in Section V (conclusions.)
II. EXPERIMENTAL TECHNIQUES
Single crystals of α-(BEDT-TTF)2MHg(SCN)4
(M=NH4, Rb, Tl) were grown according to Ref. 21 and
reach up to 2×2 mm2 in the highly conducting ac-plane;
the crystal structure was confirmed by X-ray diffraction.
When characterized by dc resistivity, the results coincide
with previous reports. The polarized reflectivity of the
crystals was measured in the conducting plane along
the main optical axes, parallel and perpendicular to the
stacks of BEDT-TTF molecules (i.e. parallel c and a
crystal axes) in the frequency range between 50 and
7000 cm−1. The main axes were identified at room
temperature by polarization dependence measurements
with an accuracy of 2◦. The spectral resolution used
was 1 cm−1 for the NH4 and Tl salts and 2 cm
−1 in
the case of α-(BEDT-TTF)2RbHg(SCN)4. The sample
was cooled in a cold-finger cryostat with a rate of circa
1 K/min; spectra were taken at 300, 200, 150, 100,
50 and 6 K. In order to receive the absolute values of
reflectivity, the sample covered in situ with 100 nm
gold was used as a reference; this technique is described
in Ref. 22. Although these measurements agree with
previously published spectra20,23,24 as far as the overall
shape is concerned, the absolute values are up to 5%
higher due to our superior method of measuring the ab-
solute reflectivity value. The mid-infrared data were also
double checked at room temperature using an infrared
microscope with a spot size of 100 µm. We were not able
to use this improved technique for the low-temperature
measurements of α-(BEDT-TTF)2KHg(SCN)4 due to
poor quality and small size of the crystals; thus we
do not extend the present quantitative analysis of the
optical data to this compound.
The optical conductivity was evaluated by the
Kramers-Kronig analysis of the reflection spectra. The
spectra in the 9000-40000 cm−1 were measured at room
temperature using a home-made microspectroreflectome-
ter; at frequencies above 40000 cm−1 the common ω−2
and ω−4 extrapolations were used, while a Hagen-Rubens
assumption was applied at low frequencies. The agree-
ment obtained with the dc conductivity is excellent. In
the case of the NH4 salt, for instance, the measured dc
values range from σdc = 100 to 400 (Ωcm)
−1 at ambient
temperature and 100 times higher at T = 4.2 K; the value
for optical conductivity at ω → 0 is about 350 (Ωcm)−1
at 300 K and 36000 (Ωcm)−1 at T = 6 K.
Polarized reflectance measurements of α-(BEDT-
TTF)2KHg(SCN)4 under pressure were performed us-
ing a diamond anvil cell equipped with type IIA dia-
monds suitable for infrared measurements. Finely ground
CsI powder was chosen as quasi-hydrostatic pressure
medium. For the pressure experiment a small piece
(about 80 µm × 100 µm in size) was cut from a sin-
gle crystal and placed in the hole of a steel gasket. A
ruby chip was added for determining the pressure by the
ruby luminescence method.25 The pressure-dependent re-
flectance was studied in the mid-infrared frequency range
(550− 8000 cm−1) at room temperature using a Bruker
IFS 66v/S FT-IR spectrometer in combination with an
infrared microscope (Bruker IRscope II). Reflectance
spectra were measured at the interface between sample
and diamond anvil (the measurement geometry is illus-
trated in Ref. 26); spectra taken at the inner diamond-
air interface of the empty cell served as the reference
for normalization of the sample spectra. The pressure-
3dependent reflectivity spectra reported below refer to
the absolute reflectivity at the sample-diamond interface,
calculated according to Rs−d(ω) = Rdia × Is(ω)/Id(ω),
where Is(ω) denotes the intensity spectrum reflected from
the sample-diamond interface and Id(ω) the reference
spectrum of the diamond-air interface. Rdia was calcu-
lated from the refractive index of diamond ndia to 0.167.
For quantitative description of the spectra, a Drude-
Lorentz fit was performed. To get reliable fit parame-
ters, we simultaneously fitted the zero-pressure reflectiv-
ity spectra taken inside the cell (with an diamond-sample
interface) and the spectra taken outside the cell with an
air-sample interface. The change of the parameters of the
Drude part and the Lorentz oscillators were then followed
as a function of pressure.
III. RESULTS AND ANALYSIS
A. Experimental results
In Figs. 1 to 3 the optical reflectivity and conductivity
of the three compounds α-(BEDT-TTF)2MHg(SCN)4
(M=NH4, Rb, Tl) are displayed. Results for the K-
analog have already been presented in Ref. 20. The reflec-
tivity of all the compounds shows a metal-like frequency
and temperature behavior: a plasma edge is observed in
the mid-infrared, and the high reflectance at frequencies
below the plasma edge increases even further upon cool-
ing. The higher reflectivity and conductivity observed in
the polarization E ⊥ stacks is in agreement with the cal-
culated anisotropy of the transfer integrals.9 The room-
temperature spectra of the Rb and Tl salts differ only by
few percent, while the NH4 compound shows a slightly
higher reflectivity at low frequencies.
A number of vibrational features in the 400 −
1600 cm−1 frequency range are known to originate
from the coupling of totally symmetric Ag vibrations of
BEDT-TTF with electrons (emv coupling).27 These com-
paratively weak emv-coupled features evidence for the
broken symmetry (dimerization) in the stacks, in agree-
ment with the X-ray structural data. The most promi-
nent of the emv-coupled features is the band of ν4(Ag)
vibration, which appears as a wide maximum between
approximately 1200 and 1400 cm−1. This feature is the
same in all the salts, while the lower frequency features
show some differences between the compounds, which
will be discussed later in this paper. The charge-transfer
within the dimers, which activates the totally-symmetric
vibrations, is expected in the mid-infrared region, but
its intensity might be low, in agreement with the weak
vibrational features in comparison to the κ-phases, for
example.28,29,30 The narrow band at about 2100 cm−1 is
the infrared-active C-N stretching vibration of the SCN
groups in the anion layer.
At temperatures below 200 K the slightly different lev-
els and shapes of the far-infrared reflectance observed for
the NH4, Rb and Tl salts lead to distinct differences in
the conductivity spectra. The low-temperature reflectiv-
ity of the NH4 salt is close to 100% in the low-frequency
limit but abruptly drops above 700 cm−1, especially ap-
parent in the E ‖ stack polarization. This behavior con-
verts to an intense and extremely narrow zero-frequency
peak in the conductivity spectrum; in addition there
are two wide bands at approximately 1000 cm−1 and
2500 cm−1. Accordingly, the lower reflectivity level and
gentler slope obtained for the Rb salt causes a less pro-
nounced and wider zero-frequency peak and more spec-
tral weight in the high-frequency features. The reflectiv-
ity of the Tl salt also approaches 100%, but in a more
gradual fashion; a bump at about 1000 cm−1 is super-
imposed on the high reflectance background at low tem-
peratures. Accordingly, in the conductivity spectra the
Drude-peak is not extremely narrow, and the 1000 cm−1
maximum is more pronounced than in the spectra of the
other two salts. This tendency is even enhanced in the
spectra of α-(BEDT-TTF)2KHg(SCN)4, as described in
Ref. 20.
B. Drude-Lorentz analysis
We use a Drude-Lorentz fit to disentangle different
contributions to the spectra; simultaneous fits of the
reflectivity and conductivity spectra put additional re-
strictions on the parameters. An insert in Fig. 1(d)
is an example of the fit, showing the main elec-
tronic features in the conductivity spectra of α-(BEDT-
TTF)2NH4Hg(SCN)4 at T = 300 and 6 K. The zero-
frequency peak is approximated by a simple Drude con-
tribution; the maximum around 1000 cm−1 and the wide
band in the mid-infrared range are fitted by a Lorentzian
each, yielding the central frequencies ωt of 1000 and
2500 cm−1, respectively. Only when the Drude-like fea-
ture sharpens below 200 K, the 1000 cm−1 contribution
turns into a real peak. The assessment of the Drude
plasma frequency by zero-crossing of ǫ1
16 in agreement
with the fit, however, clearly reveals that it is already
present at T = 300 K; in contrast to the case of half-filled
BEDT-TTF-based compounds where it develops only for
T < 50 K.29,30
The simple Drude formula does not describe perfectly
the shape of the zero-frequency conductivity peak, but
gives reliable values of the scattering rate (as a half-
width of the peak). Since our measurements go down
to only 50 cm−1, and the zero-frequency conductivity
peak becomes very narrow at low temperatures, we did
not carry out an extended Drude analysis,16 to avoid an
over-interpretation of the data.
For the further discussion it is important to consider
the redistribution of the spectral weight between these
spectral features. For the electronic bands at 1000 and
2500 cm−1, the spectral weight is obtained from the re-
spective Lorentz fit. Since the Drude behavior does not
perfectly describe the zero-frequency peak in the opti-
cal conductivity (especially for the Rb salt), we deter-
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FIG. 1: Color online. Reflectivity and conductivity spectra of α-(BEDT-TTF)2NH4Hg(SCN)4 at T = 300, 200, 100 and 6 K;
left panels (a) and (b): E ‖ stacks, right panels (c) and (d): E ⊥ stacks. The inserts show optical conductivity in the range of
ν12(Ag) and ν13(Ag) modes. The insert in (d) shows the contributions of one Drude and two Lorentz components for E ‖ stacks
300 K and 6 K.
mined the respective spectral weight by subtracting the
two Lorentz oscillators from the experimental spectra.
The spectral weight is received by integration of the
optical spectra16
ω2p = 8
∫ ωc
0
σ1(ω) dω ; (1)
the choice of the upper limit ωc determines which ex-
citations are considered. The used cut-off (ωc) value
of 7000 cm−1 is typical for compounds with similar
parameters29 because is lies well above the plasma edge.
According to ωp = (4πNe
2/mb)
1/2, where N is a num-
ber of charge carriers known from structural data21, the
spectral weight then yields the band mass mb. From the
spectral weight of the Drude-like contribution
(
ωDrudep
)2
(see insert (d) in Fig. 1) we can estimate the effective
mass of the quasi-free charge carriers m∗. In the fol-
lowing analysis we normally use an effective mass of the
charge carriers with respect to the band mass, i.e. the ra-
tio m∗/mb. The advantage of this approach is that then
the effective mass value is normalized according to the
thermal contraction of the unit cell.
Within the one dimensional tight-binding approxima-
tion, the spectral weight is related to the width of the
bands or the transfer integral t:
ω2p =
16td2e2
~2Vm
sin
{π
2
ρ
}
; (2)
where d is the inter-molecular distance, Vm denotes the
volume per molecule, and the number of electrons per site
is given by ρ. The enlargement of the spectral weight
is related to the increase of the transfer integral; for
instance when the temperature decreases and thus the
crystal contracts.31 It is commonly believed16,29,32 that
the total spectral weight is conserved, when the integra-
tion in Eq. (1) is extended to high enough values (above
10 000 cm−1). This is not strictly correct33 when the
thermal expansion is extremely large, as in the case of
organic materials where it can be as large as 10 %34, or
when external pressure is applied.
C. Assignment of the electronic spectrum
At first we want to make an assignment of the
major spectral features which are common to the
studied BEDT-TTF salts. The overdamped maxi-
mum around 2500 cm−1 is observed in the spectra
of BEDT-TTF-based organic conductors with different
band structures;29 however, the previously suggested23
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FIG. 2: Color online. Reflectivity and conductivity spectra of α-(BEDT-TTF)2RbHg(SCN)4 at T = 300, 200, 100 and 6 K;
left frames (a) and (b): E ⊥ stacks, right frames (c) and (d): E ‖ stacks. The insert on (b) show optical conductivity in the
range of ν12(Ag) and ν13(Ag) modes. The insert in (d) present the optical conductivity of the three salts in E ‖ stacks at 6 K
in log scale. The low-frequency part presented in dashed lines was received after smoothing the reflectivity data, a respective
error bar at 60 cm−1 is shown.
assignment to the interband transition is doubtful. In-
stead we follow the interpretation35 of the maxima at
1000 cm−1 and 2500 cm−1 to the spectral weight which
is shifted from a zero-peak to higher frequencies due to
influence of electronic correlations.19
The calculations of Merino et al.19 for metallic quarter-
filled systems close to charge order suggest the appear-
ance of two maxima in addition to a Drude peak: a
sharper one at ~ω = 2t due to short-range charge or-
der, and a wider one at about 5t due to a shift of the
spectral weight to high frequencies on the strong influ-
ence of correlations. In a very good agreement with the
experiment, it gives values of 960 and 2500 cm−1 for po-
sitions of these features, estimated using t = 0.06 eV,
a typical value of transfer integral for these compounds.
At room temperature in the polarizations parallel and
perpendicular to the stacks the intensity of the two max-
ima scales with the plasma frequency of the Drude-like
contribution, being approximately 1.3 times higher for
E ⊥ stacks; at low temperatures a redistribution of the
spectral weight occurs. This encourages the application
of the one-band approximation, used by theory, for the
analysis of our data: i.e. all features originate from one
band modulated by electronic correlations.
Interestingly to note, that while the redistribution of
the spectral weight between the features on temperature
decrease (which we discuss later) differs between the com-
pounds, the frequencies of the electronic bands exhibit
a similar temperature dependence. The low-frequency
maximum occurs at the same position in both polariza-
tions and moves down from 1000 cm−1 to 800 cm−1 when
the crystals are cooled to T = 6 K. The changes in the
position of the higher-frequency maximum are too small
compared to its width and cannot be analyzed.
In order to further prove our interpretation of the elec-
tronic spectra let us follow their change upon reducing
the V/t ratio.19 The effective inter-site interaction V/t
can be tuned by external pressure: if the distances be-
tween the molecules decrease, then the overlap integrals
will increase. In fact, the V value will increase as well,
but the simple consideration shows that Coloumb repul-
sion between electrons on the neighboring sites V will in-
crease slower, as 1/d (where d is a distance between the
molecules), while t will increase exponentially. Alterna-
tively the same effect is achieved by thermal contraction
of the crystal, even if accompanied by other temperature-
dependent effects. The transfer integrals t of α-(BEDT-
TTF)2KHg(SCN)4 calculated for the application of hy-
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FIG. 3: Color online. Reflectivity and conductivity spectra of α-(BEDT-TTF)2TlHg(SCN)4 at T = 300, 200, 100 and 6 K;
panels (a) and (b): E ⊥ stacks, panels (c) and (d): E ‖ stacks. The inserts show optical conductivity in the range of ν12(Ag)
and ν13(Ag) modes.
drostatic pressure up to 10 kbar,36 as well as those for
the K, NH4 and Rb salts calculated from the X-ray data
for a wide temperature range31 show the same tendency.
Only one of the intra-stack transfer integrals is expected
to increase on cooling31, while the inter-stack transfer in-
tegrals increase by up to 10% on cooling down to 4 K and
up to 25% on the application of pressure up to 10 kbar.
D. Pressure dependence of electronic spectra
To support our assignment of electronic spec-
tra of the α-(BEDT-TTF)2MHg(SCN)4 compounds
we performed reflectivity measurements of α-(BEDT-
TTF)2KHg(SCN)4 under hydrostatic pressure at room
temperature in the 600-7000 cm−1 range. The applica-
tion of the hydrostatic pressure modifies the V/t parame-
ter without changing the temperature-dependent param-
eters, e.g. scattering rate. Fig. 4 shows, that the main
tendency in the spectra on the increasing pressure up to
9.5 kbar is an increase of reflectivity, for lower frequency
region in E ‖ stacks direction, and in a wider frequency
range for E⊥ stacks. The spectral weight of the fea-
tures estimated by a Drude-Lorentz fit as proposed in
Sec. II, illustrates the main tendency (inserts in Fig. 4):
the Drude spectral weight increases on the expense of
the 1000 and 2500 cm−1 maxima. Since the measure-
ments are done in a comparatively narrow spectral range,
we cannot comment on a change of the total spectral
weight. The reflectivity increase is more pronounced in
E⊥ stacks direction, but in general the changes are not
so anisotropic as was suggested by the transfer integrals
calculations.36
The shift of the spectral weight from the high-
frequency features to the Drude-part is expected since
the correlations to bandwidth ratio decreases on rising
the transfer integrals: the correlation effects diminish
and the systems becomes more metallic. This obser-
vation strongly supports our conclusion that the mid-
infrared features in the spectra are due to electronic ef-
fects. A change of dimerization is not predicted by the
calculations;36 in agreement with this no changes are ob-
served in the BEDT-TTF vibrational features.
E. Temperature dependence of electronic spectra
Upon cooling, the electronic properties of these sys-
tems are changed in several respects: (i) As for any
metal, the charge-carrier scattering rate is reduced since
7FIG. 4: Color online. Reflectivity and conductivity spectra
of α-(BEDT-TTF)2KHg(SCN)4 at 0, 3, 5, 7 and 10 kbar.
left panels (a) and (b): E ‖ stacks, right panels (c) and (d):
E ⊥ stacks. The spectral region between 1700 and 2500
cm−1is cut out from the spectra since it is affected by the
strong absorbance of the diamond cell window. Arrows indi-
cate the changes with increasing pressure. The inserts show
the pressure dependence of the spectral weight of the Drude
contribution (solid squares), the 1000-cm−1 maximum (open
squares), and the mid-infrared band (open circles).
phonons freeze out. (ii) The shrinking of the unit-cell
volume increases the number of carriers proportionally.
(iii) The transfer integrals and bandwidth become larger
which reduces the V/t ratio.
The total spectral weight increases on cooling due to
the thermal contraction of the unit cell volume (Fig. 5)
and an increase of the bandwidth (See Sec. III B). How-
ever, in all cases the variation is more intense in the direc-
tion E⊥ stacks in agreement with the anisotropic temper-
ature behavior calculated for the hopping integrals t.31
The experimentally observed anisotropy is largest for the
NH4 compound, and decreases on going to Rb and Tl.
If no change of the ground state occurs, an increase of
the transfer integrals in the E⊥ stacks direction on cool-
ing will reduce the V/t ratio and lead to a redistribution
of the spectral weight to the low-frequency features.19
Although it is know that t changes as much as 10%, a
quantitative prediction of the spectral weight shift turns
out to be difficult; experimentally the assessment is eas-
ier. Indeed, in the conductivity spectra [E ⊥ stacks,
Figs. 1, 2, and 5(b)] of the NH4 and Rb compounds the
zero-frequency peak grows on the expense of the band
around 2500 cm−1; the tendency is more pronounced for
the NH4 salt. Interestingly, the redistribution of spec-
FIG. 5: Upper panel: temperature dependence of the total
spectral weight for α-(BEDT-TTF)2MHg(SCN)4 (M = NH4,
Rb, Tl) parallel to the stacks (diagonal crosses) and perpen-
dicular to the stacks (straight crosses). Lower panel: Temper-
ature dependence of the spectral weight for the three main fea-
tures in the optical spectra of α-(BEDT-TTF)2MHg(SCN)4
(M = NH4, Rb, Tl) compounds: filled squares - Drude
peak, empty squares - 1000 cm−1 maximum, empty circles -
2500 cm−1 maximum. (a) Polarization parallel to the stacks
direction and (b) perpendicular to the stacks. Note different
scales for the different contributions and polarizations.
tral weight does basically not involve the low-frequency
maximum at 1000 cm−1: the intensity of this feature is
conserved. This strengthening of the metallic behavior
leads to decrease of the effective mass upon cooling in
the NH4 and Rb spectra (Fig. 6). The Tl compound,
however, shows a different tendency: the intensity of the
maximum at 1000 cm−1 increases on cooling, which is
suggestive for non-metallic behavior.
The same considerations suggest no redistribution of
the spectral weight in the direction parallel to the stacks
because the transfer integrals t do not increase upon ther-
mal contraction, that is confirmed by the constant spec-
tral weight for NH4 and Rb compound in this direction.
F. In-plane anisotropy
One of the unusual features of the studied α-phase
BEDT-TTF salts is the in-plane anisotropy. These com-
pounds are considered to be quasi-two-dimensional con-
ductors, and indeed, the in-plane conductivity has a
metallic character in both directions. With optical means
we can detect an in-plane anisotropy of approximately a
factor of two: perpendicular to the stacks the conduc-
8tivity is higher compared to the in-stack direction. This
experimentally detected anisotropy in general agrees with
the calculation of transfer integrals,9 though the t-values
are even more anisotropic.
The interesting point is the different temperature be-
havior for polarizations E ‖ stacks and E ⊥ stacks;
again the latter one is ‘more metallic’. This is in agree-
ment with the anisotropy obtained in dc resistivity mea-
surement for α-(BEDT-TTF)2TlHg(SCN)4:
37 while for
E⊥ stacks resistivity is metallic, for the E ‖ stacks it
shows only a slow decrease with reduced temperature
down to 200 − 150 K, while for lower temperatures the
slope becomes steeper.
Maesato et al.38 investigated the resistivity for K and
NH4 compounds while applying uniaxial strain. They
proposed that the anisotropy ρc/ρa defines the ground
state of these salts, being larger for the NH4 supercon-
ducting compound than for the K analog. These obser-
vations on in-plane anisotropy agree very well with our
optical measurements which probe the transfer integrals
in the plane: the optical anisotropy and the anisotropic
temperature behavior of the spectral weight (see Fig. 5)
is more pronounced for α-(BEDT-TTF)2NH4Hg(SCN)4
compared to other members of the family.
IV. DISCUSSION: CHARGE ORDER
FLUCTUATIONS vs. STATIC ORDER
A. Charge fluctuations effects
The NH4 and Rb compounds show a striking de-
crease of effective mass m*/mb upon cooling (see Fig. 6),
especially important is that this effect is seen for
E ‖ stacks polarization. While the strength of the effect
in E⊥ stacks direction can be partly explained by the re-
distribution of the spectral weight to low frequencies due
to thermal contraction of the crystal (see the above Sec-
tion and Fig. 5), this is not the case for E‖stacks, where
the effective Coulomb repulsion V/t does not change on
cooling.31 Nevertheless, lowering the temperature from
300 K down to 6 K leads to a reduction of the effective
carrier mass by about 10% in the direction parallel to
the stacks; the uncertainty in the data and analysis does
not permit to give a functional dependence. Fig. 5 reveals
that this effect is caused by the redistribution of the spec-
tral weight from the mid-infrared to the zero-frequency
peak, again pointing on a decrease of correlation effects.
The observed temperature dependence does not cor-
respond to the behavior known from simple metals, for
which only the scattering rate increases with tempera-
ture, whereas the concentration and mass of the car-
riers remain constant. On one hand, this tendency
is opposite to the effects observed in the prime exam-
ple of strongly correlated electron systems:39,40 in heavy
fermions the electronic interactions become more impor-
tant towards low temperatures and consequently the ef-
fective mass is significantly enhanced by up to three or-
ders of magnitude as T → 0. On the other hand, ex-
actly this behavior is predicted for strongly correlated
two-dimensional quarter-filled metals close to the charge-
order phase transition.19,20 Theoretical investigations in-
dicate that the critical ratio (V/t)c, which separates the
metal from the charge-ordered phase, shifts to the larger
values, as depicted in Fig. 8. When cooling down verti-
cally (constant V/t), we depart from the phase boundary
and hence the system becomes more metallic leading to
a decrease of the effective mass with temperature.41 The
observations for the NH4 and Rb compounds are well in-
terpreted as the retreat of these systems from the critical
value of correlations (V/t)c that corresponds to a reduc-
tion of the effective carrier mass as calculated from the
experimental Drude spectral weight.
The other parameter of the charge carriers, the scat-
tering rate 1/τ , also shows a characteristic temperature
behavior. As demonstrated in Fig. 6, for the NH4 and
Rb salts the scattering rate linearly changes with tem-
perature down to a crossover temperature T ∗ at 50 K;
below T ∗ the decrease becomes slower.
Charge fluctuations cause a linear temperature depen-
dence 1/τ(T ) ∝ T for T > T ∗,19,41 as commonly ob-
served in the case of electrons interacting with boson-like
excitation such as phonons. For T < T ∗ the scatter-
ing rate increases quadratically, as expected from Fermi-
liquid theory. Thus T ∗ identifies the temperature where
charge-order fluctuations become important in the metal-
lic state. In the phase diagram it defines the distance
from the critical point at which the charge ordering tran-
sition occurs: T ∗ → 0 as V → Vc. The characteristic
energy scale kBT
∗ is very small, T ∗ ≪ TF , when the sys-
tem is sufficiently close to the charge-ordering transition.
From the crossover temperature for NH4, T
∗ ≈ 50 K, the
transfer integrals can be estimated to about be approx-
imately 0.06 eV, which is in good agreement with band
structure calculations of these compounds9,42 and with
the position of the electronic bands in the spectra.
The observed decrease of the effective mass on cooling
and the linear dependence of the scattering rate on tem-
perature demonstrate that these quarter-filled systems
are close to charge order and show this particular behav-
ior due to charge-order fluctuations, while also moving
away from the phase border with charge order on cooling
down.
A slope of the temperature dependence of the scatter-
ing rate is strikingly enhanced when going from the NH4
to the Rb compound. Already in the raw data large dif-
ferences in the scattering rate of the Drude-contribution
are seen for the various α-(BEDT-TTF)2MHg(SCN)4
salts: For the NH4 compound the Drude-like peak be-
comes very narrow at low temperatures with an ex-
tremely small scattering rate, while for the Rb salt the
zero-frequency contribution is much wider. Since these
compounds are isostructural, the conduction mechanism
should essentially be the same. One might argue that
they contain different impurity and defect concentra-
tions; however, this would lead to a temperature indepen-
9FIG. 6: Temperature dependence of the m*/mb (upper panel)
and Drude-scattering rate γ (lower panel) for α-(BEDT-
TTF)2MHg(SCN)4 (M = NH4, Rb, Tl) compounds: filled
squares - E⊥ stacks, empty squares E ‖ stacks. For the Tl-
salt a γ ∼ T 2 fit of the scattering rate is shown with a bold
line.
dent offset in the scattering rate and cannot explain the
distinct temperature dependence of the scattering rates
observed for these compounds. We suggest, that the in-
crease of the slope on going from NH4 to Rb compound
shows, the charge fluctuations are stronger in the latter
one.19
Indeed, the values of the effective mass are also slightly
higher for the Rb compound. In addition, the less metal-
lic E ‖ stacks polarization in the Rb salt shows a slight
increase (up to 10% of intensity) of the 1000 cm−1 fea-
ture on cooling, also suggesting that the system is closer
to the border with charge order.
B. Signatures of ordering in
α-(BEDT-TTF)2TlHg(SCN)4
The most important tendency in the temperature be-
havior of the Tl compound is an increase of intensity of
the 1000 cm−1 peak on cooling (see Fig. 5). This feature
gets stronger at T < 200 K, while the Drude weight and
the intensity of the high-frequency oscillator do not show
such a big change.
Above we have assigned the peak around 1000 cm−1
to the short-range charge-order fluctuations, as suggested
by exact diagonalization calculations .19 Finding it in
the spectra of all the compounds at room temperature
infers that there is already some charge order present.
However, it develops considerably when the Tl com-
pound is cooled, while the effective mass in both polar-
ization stays unchanged. This behavior evidences that
in α-(BEDT-TTF)2TlHg(SCN)4 short-range charge or-
der prevails although the compound does not become
insulating. A similar behavior was found for α-(BEDT-
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FIG. 7: The T=6 K spectra of α-(BEDT-TTF)2TlHg(SCN)4
(thick line) α-(BEDT-TTF)2NH4Hg(SCN)4 (thin line) in
E‖ stacks polarization. The insert shows the spectral range
with ν12(Ag) and ν13(Ag) emv-coupled features for these two
spectra. For α-(BEDT-TTF)2TlHg(SCN)4 to electronic band
at 1000 cm−1 has higher intensity, and the vibrational features
ar split, pointing on an ordered state.
TTF)2KHg(SCN)4 which remains metallic at any tem-
perature, but shows strong indications of charge order in
the optical spectra.20
We conclude that the decrease of the effective mass
in the NH4 and Rb compounds, on the one hand, and
the increase of the 1000 cm−1 feature, on the hand,
are competing processes: the two compounds are sep-
arated by a phase boundary or cross-over regime. In-
terestingly, for the direction parallel to the stacks the
Rb compound shows a competing behavior below 100
K, inferring the presence of both effects; thus α-(BEDT-
TTF)2RbHg(SCN)4 is located right on the boundary.
At the moment it is difficult to decide whether sta-
ble or fluctuating charge order dominates in α-(BEDT-
TTF)2TlHg(SCN)4. From the temperature behavior of
the scattering rate and vibrational features, we are in-
clined to assume the charge order to be more static. As
indicated by a dashed line in Fig.6b3, the scattering rate
has a temperature dependence close to a T 2-behavior in
the entire temperature range. The origin of such a T 2 de-
pendence in the full temperature range in contrast to the
linear-T dependence of the other salts deserves further
theoretical analysis and seems correlated to the observa-
tion of charge ordering phenomena
In addition to the optical response of the electronic sys-
tem, we find some evidence of ordering in the vibrational
features of the Tl compound. Due to the weak screen-
ing by the electronic background, the mode at about 400
cm−1 is clearly seen for the polarization E ‖ stacks and
allows detailed analysis. As Fig.7 shows, the ν12(Ag)
(based on D2 symmetry) vibration shows up as a sin-
gle band at 457 cm−1 for the NH4 compound, while for
α-(BEDT-TTF)2TlHg(SCN)4 the mode is split in two
which are located at 457 and 460 cm−1. The band of the
10
ν13(Ag) vibration also splits: three bands at 433, 438,
and 443 cm−1 (the latter one is very weak) can be dis-
tinguished for the Tl compound; for the NH4 salt the
band at 433 cm−1 is strong while only one weak peak
is observed at 440 cm−1. Some splitting also observed
in the ν6(Ag) anti-resonance feature in the spectrum of
the Tl-salt. The Rb salt is again in the intermediate
situation, showing a weak splitting of the ν13(Ag). It
should be noted, that the different splitting of the vi-
brational features is observed at temperatures below 200
K, being thus an evidence of a charge redistribution at
the studied temperatures and is not connected to the
low-temperature density wave state; however at higher
temperatures the splitting could not be resolved due to
higher bandwidth.
A closer inspection of the C-N stretching vibrations
turns out to be helpful in our systems. According to
the crystal structure, there are four SCN groups per unit
cell; all of them are nearly parallel to the conducting lay-
ers and approximately perpendicular to the neighbors.
Accordingly we observe up to four separate absorption
bands of C-N vibrations. At T = 6 K when the bands
are well resolved, the NH4 and Rb compounds show two
bands in each polarization; only the Tl salt shows all four
C-N bands. This implies a lower symmetry or slightly dif-
ferent orientation of the SCN groups in the latter com-
pound.
The lower symmetry of α-(BEDT-TTF)2TlHg(SCN)4
is in agreement with the above conclusion that this com-
pound is closer to the charge-ordered state than the other
salts and a static charge order is almost established.
V. CONCLUSIONS
Our optical studies on the quarter-filled α-(BEDT-
TTF)2MHg(SCN)4 (M=NH4, Rb, Tl, K) evidence that
in contrast to the half-filled compounds these two-
dimensional conductors are metals with a Drude peak
already developed at room temperature; but at the
same time they show distinct spectral features caused
by charge-order fluctuations. The spectral weight shift
from the zero-frequency conductivity peak to higher fre-
quencies leads to our assignment of electronic bands in
the spectra. The findings of our optical measurements
in the presence of external pressure confirm this inter-
pretation. The features due to short-range charge order
do not change on temperature for the NH4 compound,
whereas the effective mass of the charge carriers decreases
on cooling. This observation agrees with the theoreti-
cally predicted re-entrance of the charge-order transition.
Stronger electronic correlations in Tl salt increase the in-
tensity of the spectral features due to charge order on
cooling; the Rb compound shows the intermediate be-
havior. From the slope of the scattering rate and based
on comparison to RPA predictions of a nearly charge or-
dered two-dimensional metals, we conclude that correla-
tion effects intensify from NH4 to Rb. In contrast, Tl
FIG. 8: Color online. Phase diagram for the
quarter-filled two-dimensional organic conductors α-(BEDT-
TTF)2MHg(SCN)4 (M = NH4, K, Rb, Tl). With increasing
pressure the effective inter-site Coulomb repulsion V/t is re-
duced. At intermediate temperatures the system is tuned
from a charge-order state (CO) to a metal with charge fluctu-
ations in between. We propose that the compounds with M
= K, Tl are to be found in this part of the phase diagram. We
propose that the Rb-salt has lower influence of correlations,
and the NH4 salt is even less correlated, distinctly showing
the increase of metallic properties on cooling, and becoming
superconducting (SC) below 1 K.
displays CO phenomena (as observed in the splitting of
phonon modes) correlated with the presence of a differ-
ent T behavior of scattering rate instead of the linear
behavior of NH4 and Rb. This deserves further theoreti-
cal and experimental work. We suggest the order of these
materials in a phase diagram in Fig. 8.
The presence of charge-order fluctuations is observed
in all the studied salts but to a different degree. The
less correlated is the NH4 compound, which shows an
increase of metallic properties on cooling, eventually be-
comes superconducting below Tc = 1 K. Thus we think
that it is on the border (marked by a dashed line) be-
tween the charge order fluctuations and metallic state.
On increasing the V/t ratio (moving to the left side of the
phase diagram), this metallic behavior starts to compete
with the charge order: the increase becomes obvious for
the Rb salt. The Tl compound establishes short-range
charge order upon cooling, and we would propose that
it is the most correlated of the three studied materials.
The same tendency with a strong increase of the respec-
tive spectral feature was observed in the K-salt.20 This is
in agreement with the observation of superconductivity
under hydrostatic pressure in Ref.43
The temperature dependence of the scattering rate
supports our conclusion that the influence of electronic
correlations changes in this range of compounds.
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